INTRODUCTION
There is much interest in the causes of porosity reduction in quartzose sandstones, largely because of the impact of porosity and permeability reduction on reserves and production rates of hydrocarbon reservoirs. Chemical compaction (also known as pressure solution) and associated cementation has been shown to be a major cause of porosity reduction in many sandstones (e.g., Houseknecht 1987; Houseknecht 1988 ), but there is still much controversy regarding the exact mechanism of this process. In particular, the relative importance of effective stress and temperature in controlling the rate of chemical compaction, and the consequences for the significance of chemical compaction as a pore-occluding mechanism, have received much attention.
The aim of this paper is to show that chemical compaction requires persistent gradients in chemical potential along grain contacts, and that such gradients always exist in porous rocks because of the heterogeneous distribution of stress over the grain surfaces. It is argued here that the influence of sheet silicates on pore-fluid pH cannot give rise to persistent gradients in chemical potential and hence cannot be invoked to explain chemical compaction, as has been suggested in the literature. The final section of this paper assesses geological evidence for the alternative models of chemical compaction. This discussion highlights the difficulty in finding unambiguous evidence to support a particular model of chemical compaction.
WHAT IS CHEMICAL COMPACTION?
In this paper, ''chemical compaction'' is used to refer to the process of dissolution of quartz grains along grain contacts and diffusion of the dissolved material out of the grain-contact area. The solute may then precipitate locally on free grain surfaces, be involved in other reactions, or be removed by diffusive or advective transport in the pore fluid (Fig. 1A) . This overall process is commonly referred to as pressure solution. However, the term chemical compaction is preferred here, because it does not imply anything about the driving force, except that it involves chemical transport. Chemical compaction may occur pervasively throughout the rock, or it may be localized along particular horizons, known as stylolites.
Chemical compaction results in a reduction in porosity (and therefore an increase in solid mass per unit volume) in two ways (Fig. 1B) : first, by moving the centers of grains closer together as they dissolve along grain contacts, and second, by providing solute that may precipitate as cement. As shown in Figure 1A , precipitation may occur locally, or the solute may be transported elsewhere before it precipitates. Thus, the amount of porosity reduction due to chemical compaction depends on the location of cementation.
The nature of grain contact zones has been widely debated in the literature (e.g., Mullis 1991 Mullis , 1993 , and references therein). There are three possibilities:
Model 1: The grains are separated by a thin film of adsorbed fluid, of the order of a few nanometers thick; Model 2: The grains are separated by a network of solid ''islands'' and fluid-filled ''channels;'' Model 3: The contact between the grains is completely solid and supports negligible diffusion. The first model is preferred here, with the adsorbed fluid layer existing as a result of the stabilizing effects of electric surface charges and hydration forces, which prevent the fluid from being squeezed out of the contact . Clays or micas may also be present along the grain contact, but there is still a fluid film between the grains. The islandchannel model (Model 2) can be considered as a variation on Model 1, because the islands may themselves be invaded by a fluid film (den Brok 1992). However, Model 2 will not be considered here, for two reasons. First, evidence for the existence of island-channel structures in naturally deformed quartzites is questionable. Island-channel features seen along grain contacts that have been broken open in order to observe their structure (e.g., Hickman and Evans 1991; Renard et al. 2000; Schutjens and Spiers 1999) may simply be an artifact of the sample preparation process. In some cases, island-channel structures have been observed in situ during experiments. However, such experiments either involved extremely high stresses and temperatures (den Brok 1992), or used minerals such as halite (Schutjens and Spiers 1999) that may behave differently from quartz. Second, the grain contacts observed in such experiments are ''clean.'' In this paper, the importance of impurities along grain contacts will be emphasized. The reasons for discarding the third model are discussed in a later section.
Chemical compaction can be understood in terms of thermodynamic principles. The driving force for diffusion is a gradient in chemical potential. Thus, in order to explain chemical compaction, a gradient in chemical potential is required between the site of dissolution (the grain contact) and the pore fluid. In the following discussion, we consider whether the mechanisms of chemical compaction that have been proposed recently in the literature can induce such a gradient. Note that chemical potential is related to, but not the same as, concentration. Chemical potential can be thought of as energy associated with the solute; the amount of energy depends on 
Mechanical compaction, which includes grain rotation, sliding, crushing, and ductile deformation, is not considered in this paper. Mechanical compaction is a significant cause of porosity reduction during the early stages of burial, but chemical compaction generally becomes more important at depths greater than about 1.5 km (Schmidt and McDonald 1979) .
Quartzose sandstones commonly display petrographic features that suggest that removal of material from grain contacts has occurred: for example, stylolites and suturing of grains along grain contacts. Thus, it is widely accepted that chemical compaction is a significant process in quartzose sandstones, but the exact mechanism is contentious. Much of the discussion in this paper applies also to carbonates, but we will focus on quartz sandstones, because these have been the subject of much recent debate.
CHEMICAL COMPACTION DRIVEN BY STRESS
The model of chemical compaction driven by stress, which led to the name ''pressure solution,'' was discussed at length by Weyl (1959) and has subsequently been revised by a number of authors (e.g., Angevine and Turcotte 1983; Lehner 1995; Renard et al. 1999; Robin 1978; Rutter 1976; Shimizu 1995) . In these models, dissolution occurs along grain contacts as a result of stress-enhancement of solubility.
The Driving Force for Chemical Compaction Induced by Stress
Gibbs' condition of local chemical equilibrium between a stressed solid and its solution defines the chemical potential of the solute as:
-Chemical compaction driven by stress. Silica solubility is enhanced in the grain contact zone relative to the pore space because of the inhomogeneous distribution of normal stress over the grain surface. n ϭ normal stress on grain contact (arrow length proportional to magnitude of normal stress). ϭ chemical potential of solute in grain contact. p ϭ porefluid pressure. (Gibbs 1906) , where n is the normal component of stress acting on the solid-fluid interface, V is the molar volume of the solid, and f is the Helmholtz free energy. Equation 2 shows that a gradient in n , with V and f assumed to be constant, results in a gradient in chemical potential.
In a fluid-saturated porous rock under compressive macroscopic stress, the grain contacts are subject to a larger normal stress than the free surfaces of the grains (Fig. 2) . Thus, according to Equation 2, the chemical potential of solute in the grain contact zone will be larger than that in the pore fluid, if it is assumed that local chemical equilibrium exists at every point on the grain surface. This difference in chemical potential drives diffusion, as the system attempts to restore equilibrium between the grain contact and the adjacent pore (i.e., it attempts to eliminate the difference in chemical potential). However, as long as there is a difference between the stress along the grain contacts and that acting on the free surfaces of the grains, chemical equilibrium between grain contacts and adjacent pores can never be attained, because there will always be a difference in chemical potential. A system is not at chemical equilibrium unless the chemical potential is equal everywhere. The net result of the applied compressive stress, fluid pressure, and diffusion is a smooth gradient in stress over the grain contact, and therefore a gradient in chemical potential (Fig. 2 ), which provides a persistent driving force for diffusion (Wheeler 1987) .
In reality, this system is complicated by the fact that local equilibrium may not exist over the entire grain surface. In the grain contact zone, the rate at which solute is added to the fluid film depends on the kinetics of the dissolution reaction, which is temperature dependent. In the pore fluid, the concentration of solute depends on the combined effect of various processes that add or remove solute. These processes include diffusive and advective transport in the pore fluid, and reactions such as precipitation of the solute on the free surfaces of the grains, or other diagenetic reactions that act as sources or sinks for the solute. Again, reaction rates depend on temperature, and to some extent, fluid pressure. All of these factors influence the gradient in chemical potential between the grain contact and the pore fluid, and thus influence the rate of diffusion. Another temperaturedependent parameter is the diffusion coefficient, which further controls the rate of diffusion along the grain contact and through the pore fluid.
The Significance of Strain Energy and Surface Energy in Chemical Compaction
Strictly, Equation 2 should include additional terms for plastic strain energy, elastic strain energy, and surface energy. These terms are neglected here because their effect on the chemical potential is much smaller than that of the stress term in Equation 2. Wintsch and Dunning (1985) showed that plastic strain energy associated with dislocations is only ϳ 3 J mol
Ϫ1
for a dislocation density of 10 13 m Ϫ2 , which is rarely exceeded in natural quartz. Even at a relatively high dislocation density of 10 15 m Ϫ2 the energy is less than 300 J mol
. Such values are significantly less than the effect of normal stress on chemical potential, which lies between 1135 and 2269 J mol Ϫ1 for typical upper crustal stress conditions of 50-100 MPa (these values were obtained by substituting V ϭ 2.269 ϫ 10 Ϫ5 m 3 mol Ϫ1 and n ϭ 50-100 MPa into Equation 2). The contributions of elastic and surface energy to the chemical potential are even less significant; elastic strain energy accounts for ϳ 1 J mol Ϫ1 and surface energy ϳ 0.1-1 J mol Ϫ1 , depending on grain size (Renard et al. 1999; Shimizu 1995 ).
An alternative model of chemical compaction assumes that the grain contacts are entirely solid, with no fluid films or channels (Model 3 above). In this model, it is proposed that the grains undergo plastic deformation along the grain contacts, because of the concentration of stress over the relatively small area of the contact, thus the plastic strain energy in the contact region is higher than that in the rest of the grain (Pharr and Ashby 1983; Tada and Siever 1986; Tada et al. 1987) . Therefore, the chemical potential of the solute will be higher in the pore fluid around the periphery of the grain contact than in the bulk pore fluid, providing a driving force for diffusion. However, as noted above, the local enhancement of strain energy in the grain contact zone is unlikely to be large enough to cause a significant gradient in chemical potential, thus the driving force for diffusion will be small. Other reasons for discounting Model 3, and an earlier version of this model based on brittle deformation along grain contacts (Weyl 1959) , include the lack of direct evidence for ''undercutting'' due to dissolution at the periphery of grain contacts and the fact that Model 3 cannot explain the apparent enhancement of chemical compaction by impurities along grain contacts (Mullis 1991 (Mullis , 1993 .
Summary-The Role of Stress in Chemical Compaction
It has been argued that the inhomogeneous distribution of stress over grain surfaces gives rise to a gradient in chemical potential and therefore provides a driving force for chemical compaction. This driving force exists as long as the grain contacts are subject to a larger normal stress than the free surfaces of the grains, which is always true unless the fluid pressure is equal to the compressive stress. The rate of chemical compaction depends on (i) the magnitude of the chemical potential gradient, which in turn depends on stress, fluid pressure and pore-fluid composition, and (ii) a number of temperature-dependent parameters.
A Model of Chemical Compaction Driven by Stress
The equations governing chemical compaction driven by stress have been published and discussed in a number of papers. Earlier attempts, such as those of Angevine and Turcotte (1983) , Rutter (1976) , and Weyl (1959) , assumed equilibrium in the pore fluid, in order to simplify the equations. More recent models have allowed the composition of the pore fluid to vary Ortoleva 1990, 1994; Lehner 1995; Renard et al. 1999 ). On the basis of simple cubic packing of initially spherical quartz grains, Lehner (1995) derived the following expression for the rate of chemical compaction:k Lehner 1995: Equations 17 and 23, p. 160-161. See Table 1 for symbols.), where ḃ is the rate of change of the distance between adjacent grain centers due to chemical compaction. In Equation 3, the first term includes various temperature-dependent, rate-determining parameters, such as the diffusion coefficient and the dissolution rate. The second term (inside square brackets) represents the driving force for diffusion, where ( n Ϫ p) is the normal component of effective stress averaged over the grain contact area. Effective stress is the difference between the applied, macroscopic stress and the fluid pressure. The ⌬C term represents the difference between the concentration of solute in the pore fluid and the concentration of solute that would be at equilibrium in the pore fluid for the current pressure and temperature conditions. Thus, the driving force depends not only on the effective stress, but also on the concentration of solute in the pore fluid, which can be modified by advective/diffusive transport and other diagenetic reactions.
Note that concentration appears in Equation 3, but chemical potential does not. This is because the chemical potential has been eliminated using Equation 1, which defines the relationship between chemical potential and concentration. Refer to Lehner (1995) for full details of the derivation.
In order to use Equation 3 to predict porosity evolution during chemical compaction, it must be solved in conjunction with equations describing fluid flow, advective transport, and precipitation of silica on the free surfaces of grains (i.e., cementation). This is because the terms involved in the driving force, particularly the effective stress and concentration of silica in the pore fluid, are influenced by these processes. For example, effective stress decreases with increasing fluid pressure; therefore, anything that causes overpressure to develop will reduce the driving force for chemical compaction. The ⌬C term depends on the rates at which silica is added to and removed from the pore fluid, which in turn depend on reaction and transport rates. In some rocks, there is evidence to suggest that advective transport has removed significant quantities of dissolved silica from regions undergoing chemical compaction, while in other cases advective transport has had a negligible effect (Houseknecht 1988) . Precipitation rates also vary widely, because of variation in the rate constant (see below) and the presence or absence of grain coatings that inhibit precipitation (Aase et al. 1996; McBride 1989) . The values of some of the rate-controlling parameters in Equation 3 are rather poorly constrained, particularly those controlling dissolution and diffusion in the grain contact zone. For example, the presence of certain alkali cations is known to enhance the rate of quartz dissolution by several orders of magnitude relative to that in pure water, while other cations have the opposite effect, reducing the dissolution rate by up to eight orders of magnitude (Dove and Rimstidt 1994) . The value of the diffusion coefficient for dissolved silica in the grain contact zone is also very uncertain, with estimates ranging over five orders of magnitude (Revil 2001; Rutter 1976 ).
This wide variation in parameter values may help to explain the diversity of behavior displayed by sandstones from different basins. A numerical model is currently being developed that will enable us to investigate the coupling between chemical compaction, fluid flow and precipitation, and the effect of varying the governing parameters within the ranges suggested by experimental work.
CHEMICAL COMPACTION WITHOUT STRESS-THE pH MODEL
Many petrographic observations have led to the inference that the presence of micas or other sheet silicates along quartz grain contacts enhances the rate of chemical compaction. For example, stylolites are often characterized by a clay-or mica-rich layer. Some authors have explained this in terms of a chemical effect induced by sheet silicates, in which the pH of the pore fluid is said to be raised close to the charged surface of the sheetsilicate grain (Bjørkum 1996; Oelkers et al. 1996; Thomson 1959) . Silica solubility increases with increasing pH above a critical pH of ϳ 8.5 (Dove and Rimstidt 1994) (the exact value depending on temperature), hence it has been suggested that the presence of sheet silicates along quartz grain contacts would promote dissolution along these contacts.
Following this argument, it has been suggested that chemical compaction does not require stress, short of that required to keep the grains in contact with one another. Furthermore, the rate of the process is controlled entirely by temperature, because this controls the rate of diffusion and dissolution/ precipitation reactions.
In order to assess the validity of this model, two questions must be considered:
1. Can sheet silicates change the pH of the surrounding fluid? 2. If so, can such a change in pH drive chemical compaction? These points are considered below.
Can Sheet Silicates Influence Pore Fluid pH?
There are a number of ways in which sheet silicates may cause a local change in pH of the surrounding fluid. Possible mechanisms include cation exchange, resulting in the formation of potassium carbonate (Thomson 1959) , and attraction of H ϩ or OH Ϫ to the charged surfaces of sheet silicates (Boles and Johnson 1984) . The mechanism by which the pH may be modified is still a matter for debate, but for the purposes of the present discussion, it suffices to show that sheet silicates have such an effect. Boles and Johnson (1984) performed experiments to investigate the influence of micas on pH, by mixing crushed biotite or muscovite with solutions of varying pH and salinity, and observing the effect on bulk solution pH. In a 0.5 M NaCl solution, they found that biotite raises the pH, while muscovite raises the pH if the pH is initially less than 5.8, but has the opposite effect at higher pH. These observations are consistent with the surface charges of these minerals: in particular, it is known that the surface charge of muscovite changes from negative to positive as pH increases .
Further supporting evidence for the influence of micas on pH has been provided by observations of diagenetic carbonate being preserved between biotite cleavage planes in certain rocks, but not occurring elsewhere in the rock (Boles and Johnson 1984) . Carbonate solubility decreases with increasing pH, therefore these observations are consistent with a region of locally high pH close to biotite surfaces. However, there are other possible explanations for the observed association between biotite and carbonate. For example, biotite may have acted as a source of cations, which associated with CO in the pore fluid to form carbonates.
So, there are theoretical arguments coupled with experimental and observational evidence to suggest that sheet silicates can influence the pH of the surrounding fluid and that this may be a relatively localized effect.
Can a Change in pH Induced by Sheet Silicates Provide a Driving Force for Chemical Compaction?
It is now necessary to consider whether a region of locally high pH adjacent to sheet silicates can provide a driving force for chemical compaction. It will be assumed that the pH is raised above the critical value required for an increase in quartz solubility. However, it is difficult to evaluate the magnitude of the pH change induced by sheet silicates, because this depends on the exact mechanism by which the pH change occurs and on the mineral:fluid ratio, amongst other factors. Therefore, the assumption that any change in pH is sufficient to increase the solubility of quartz may not be valid.
Consider the case of two quartz grains with clay particles along their mutual contact. The surrounding pore fluid and the fluid in the grain contact zone are in chemical equilibrium with the quartz grains for the current pressure and temperature conditions, ignoring the influence of stress on chemical potential (Fig. 3) . The solubility of the quartz grains is higher in the grain contact zone than in the pore fluid, because of the local influence of the clay particles on pH, so the concentration of dissolved silica is higher in the grain contact zone. However, the chemical potential of the solute is the same everywhere, because the system is at chemical equilibrium, therefore there is no driving force for diffusion.
There is a common misconception that diffusion is driven by a gradient in concentration, and this misconception led to the ''pH model.'' In fact, diffusion is driven by a gradient in chemical potential, in an attempt to restore equilibrium to a system where the chemical potential varies spatially. Once equilibrium has been established, there is no further driving force for diffusion, despite any spatial variation in concentration.
Now consider what will happen as the quartz grains undergo burial and heating in a temperature gradient. The solubility of the grains increases with increasing temperature. However, this applies to the entire surface of each grain, not just the grain contacts. Thus, the rate of dissolution along the contacts is the same as that from the free faces of the grains, unless the increase in solubility with temperature is faster in the intergranular, high-pH region than it is in the pore fluid. Even if this were the case, the extra dissolved material would remain in the high pH region and would not be available for precipitation as cement. Also, the difference between the volume of quartz dissolved along the grain contacts and that dissolved from the free surfaces of the grains would probably be so small that it would not be observable in thin section. If the grains were completely coated with impurities, as is often observed (e.g., Thomson 1959) , there would be no difference at all between the amount of dissolution along grain contacts and that from the free surfaces of grains.
The preceding discussion leads to the following conclusions:
• The increase in the amount of dissolution due to the effect of sheetsilicates along grain contacts is likely to be so small as to be unnoticeable.
• The additional solute required to maintain equilibrium in the high-pH region remains in that region, and is therefore not available for cementation. This is because there is no driving force for diffusion once equilibrium has been established at a given temperature.
• Petrographic observations and mass-balance calculations show that dissolved material from chemical compaction does precipitate elsewhere as cement (Houseknecht 1988) . Therefore, the pH model for chemical compaction is inconsistent with observations. Thomson (1959) presented strong evidence for chemical compaction in sandstones where the quartz grains were coated with illite particles. The dissolved material was apparently transported to adjacent regions where the grains were not coated by clays, where it precipitated as cement. In the clay-coated regions, the grains were highly elongated parallel to bedding, suggesting that there was more dissolution on grain contacts parallel to bedding than on grain contacts at a steep angle to bedding. Thomson explained this by saying that the grains dissolved where they were subject to the greatest stress, i.e., on the grain surfaces parallel to bedding, because solubility increases with stress. He then went on to say that the dissolved quartz ''migrated'' to a region of lower pH, i.e., a region where the grains were not coated with illite. So, he was invoking an increase in solubility due to stress to explain the anisotropic nature of chemical compaction in these rocks, coupled with the influence of clays on pH that promoted dissolution of clay-coated grains. However, he failed to explain that it is a gradient in chemical potential that causes dissolved quartz to ''migrate,'' rather than a gradient in concentration. This omission may be partly responsible for the misinterpretation of the role of sheet silicates in chemical compaction that led to the ''pH model,'' in which stress is said to play no part (e.g., Oelkers et al. 1996; Walderhaug et al. 2001) . As the preceding discussion shows, this interpretation is based on the misconception that diffusion is driven by a gradient in concentration.
The Role of Advective Transport
In the preceding discussion, it was assumed that both the pore fluid and the fluid in the grain contacts were in local chemical equilibrium with the grains, for the prevailing fluid pressure and temperature conditions. Now let us consider what would happen if the grain contact fluid is in local equilibrium with the grains, but the pore fluid is maintained in an undersaturated state. This scenario could arise if the system was continuously flushed with undersaturated fluid, with the fluid moving sufficiently rapidly to prevent equilibration with the free surfaces of the grains.
In this case, the chemical potential in the pore fluid would be lower than that in the grain contact zone, thus there would be a driving force for diffusion of solute into the pore fluid. This driving force would exist regardless of temperature, stress or the presence or absence of sheet silicates in the grain contact zone. The presence of sheet silicates might increase the amount of quartz that would have to dissolve in order to maintain local equilibrium in the grain contact fluid. However, the difference in chemical potential between grain contact and pore, and therefore the driving force for chemical compaction, would be the same regardless of whether or not sheet silicates are present along the grain contact. Thus, while sheet silicates may enhance chemical compaction by slightly increasing the amount of dissolution required to maintain equilibrium, they cannot provide a driving force for chemical compaction.
Summary-the Role of Sheet Silicates in Chemical Compaction
Clays and micas can create a region of locally high pH that may lead to a local increase in silica solubility. Where sheet silicates are present along quartz grain contacts, this effect leads to slightly more dissolution along the grain contacts than from the free surfaces of the grains. However, the dissolved material remains in the high-pH region and is therefore not available for cementation, which is contrary to observations. Also, the contrast between the volume of material dissolved at grain contacts and that dissolved from the free surfaces of the grains would probably be very small.
Petrographic observations support strongly a role for clays and micas in promoting chemical compaction. The influence of sheet silicates on pH, and hence on silica solubility, may be a contributing factor, because this slightly increases the amount of dissolution required to maintain local equilibrium. More significantly, the presence of sheet silicates along grain contacts increases the thickness of the fluid layer trapped between grains (owing to their high surface charge), which increases the rate of diffusion through the grain contact zone . However, these mechanisms alone cannot cause chemical compaction; they simply act to increase the rates of dissolution and diffusion. The process must ultimately be driven by the difference in stress between grain contact and pore, because this is the only way in which a gradient in chemical potential, and thus a driving force for diffusion, can be maintained.
EVIDENCE FROM ROCKS
In order to strengthen our argument, it is important to show that it is consistent with evidence from rocks. In this section, some geological observations are considered in the light of predictions made by the alternative models of chemical compaction.
The Relationship Between Effective Stress and the Rate of Chemical Compaction
Our hypothesis predicts that the rate of chemical compaction should decrease with decreasing effective stress, and therefore with increasing fluid pressure (see Equation 3 ). Conversely, the pH model predicts no relationship between effective stress or fluid pressure and the rate of chemical compaction. Unfortunately, it is very difficult to determine the relationship between fluid pressure or effective stress and the rate of chemical compaction from geological data. To do so requires a detailed knowledge of the evolution of effective stress and the degree of chemical compaction through time. Walderhaug (1994) calculated quartz precipitation rates for various North Sea sandstones, on the basis of the assumption that quartz cementation occurred continuously at a constant rate from the time of initial overgrowth to the present day. He then plotted precipitation rate against present-day effective stress, and concluded that there was no obvious relationship between these variables. Combining this observation with the assumption that all of the cement was sourced from dissolution at stylolites led to the conclusion that chemical compaction is not influenced by effective stress (Oelkers et al. 1992 (Oelkers et al. , 1996 . However, there are a number of flaws in this argument. In particular, the relationship between the present-day effective stress and a precipitation rate averaged over a long period of time does not illustrate the evolution of these parameters and their relationship to each other through time. Further problems with Walderhaug's (1994) method are discussed by Wilson and Stanton (1994) . Another argument that has been used in the literature is that porosity should be anomalously high in overpressured sandstones, if the rate of chemical compaction is dictated by effective stress. For example, Bjørkum and Nadeau (1998) cited ''numerous observations'' of low porosity in overpressured sandstones as evidence that chemical compaction is not driven by effective stress. Conversely, Osborne and Swarbrick (1999) noted preservation of anomalously high porosity in overpressured sandstones of the Fulmar Formation. However, the relationship between present-day porosity and overpressure depends strongly on the timing of overpressure, and on the cause of porosity reduction. Porosity is not always a good proxy for the amount of chemical compaction that has occurred, because many other factors influence porosity, including mechanical compaction and cement sourced from other processes such as illitization. A more reliable method for determining the amount of chemical compaction is to assess the ''overlap quartz;'' that is, to estimate the volume of quartz that has been removed from grain contacts (Houseknecht 1987 (Houseknecht , 1988 . However, this method can only reveal the net result of chemical compaction over the period of burial, which is not sufficient to deduce the relationship between the rate of chemical compaction and overpressure. Swarbrick (1994) presented fluid-inclusion data from some North Sea sandstones suggesting that quartz overgrowths formed during periods of hydrostatic pressure, with no overgrowth formation during periods of overpressure. If the cement was sourced from chemical compaction, these data would strongly suggest inhibition of chemical compaction by high fluid pressure, thus providing supporting evidence for the role of effective stress in this process. However, the cement may have been sourced from processes other than chemical compaction, therefore the evidence remains inconclusive.
The Effect of Anisotropic Stress
If chemical compaction is driven by stress, the effects should be anisotropic if the stress is anisotropic. Generally, the maximum compressive stress is near vertical in sedimentary basins, so our hypothesis predicts more dissolution on subhorizontal grain contacts than on subvertical contacts. The fact that stylolites are often subhorizontal might be taken as evidence of anisotropic behavior, but it could equally well be explained by the original clay-rich horizons being parallel to bedding. However, the occurrence of stylolites that crosscut bedding in regions that have experienced maximum compressive stress at a low angle to bedding (e.g., Bathurst 1979; Railsback and Hood 2001) is good evidence of a response to anisotropic stress. Additional supporting evidence is provided by Thomson's (1959) observation of an anisotropic grain shape fabric induced by chemical compaction, and similar observations of preferential dissolution along subhorizontal grain contacts recorded by Houseknecht (1988) .
Chemical Compaction in Carbonates
The pH model is based on the premise that impurities along grain contacts create a region of locally high pH that causes quartz to dissolve because quartz solubility increases with pH. The solubility of carbonates decreases with increasing pH, therefore the pH model cannot explain chemical compaction in carbonates. Yet, evidence of chemical compaction in carbonates is widespread, particularly in the form of stylolites (Bathurst 1979) . Conversely, the stress model can explain chemical compaction in carbonates as well as sandstones.
Evidence That is Consistent with Both Models
Two predictions are common to both models of chemical compaction (i.e., the pH model and the stress model):
• The rate of chemical compaction increases with temperature, because of the influence of temperature on diffusion and reaction kinetics;
• The presence of sheet silicates along grain contacts enhances chemical compaction, because of their influence on dissolution and/or diffusion rates. Evidence that supports these predictions does not help to distinguish between the two models, so will not be considered further here.
Conclusion-Evidence from Rocks
The preceding discussion highlights the difficulty in finding evidence that supports unequivocally either model of chemical compaction. However, certain lines of evidence, particularly the development of anisotropic fabrics as a result of chemical compaction and the widespread occurrence of stylolites in carbonates, are inconsistent with the pH model and lend strong support to the role of effective stress in chemical compaction.
SUMMARY AND CONCLUSIONS
The role of chemical compaction in porosity loss in quartzose sandstones is contentious, as is the mechanism of chemical compaction itself. Thermodynamic principles can explain chemical compaction in terms of a gradient in chemical potential along grain contacts that drives diffusion of dissolved material into the pore fluid. This gradient in chemical potential arises as a result of the difference in stress between the grain contact and the pore, but it also depends on the concentration of solute in the pore fluid, which is influenced by diagenetic reactions and transport processes. The rate of chemical compaction is influenced by a number of temperaturedependent parameters. However, it is the gradient in chemical potential that is the driving force for this process; without a driving force, chemical compaction cannot operate, regardless of the temperature.
An alternative hypothesis for chemical compaction is that dissolution of quartz grains occurs where sheet silicates are present along the grain contacts, because of the influence of these minerals on pH. This hypothesis has been rejected here because changes in pH induced by sheet silicates cannot induce a persistent gradient in chemical potential; thus, there is no driving force for removal of the solute.
Petrographic evidence supports a role for sheet-silicate impurities along grain contacts in chemical compaction. Such impurities are thought to increase the thickness of the fluid film between grains, owing to their high surface charge, which increases the diffusion rate through the grain contacts. In addition, the influence of sheet silicates on pH may slightly increase the solubility, and hence the dissolution rate, in the grain contact zone, but this effect is probably rather small.
It is difficult to find evidence in rocks that supports unequivocally the hypothesis that chemical compaction is driven by stress. In particular, the predicted relationship between the rate of chemical compaction and effective stress is difficult to prove. However, the development of anisotropic fabrics as a result of chemical compaction and the widespread occurrence of stylolites in carbonates provide strong support for the role of stress in chemical compaction.
Much of the controversy surrounding chemical compaction stems from a misunderstanding of the driving force for diffusion. Diffusion occurs only where there is a gradient in chemical potential; a gradient in concentration is not sufficient to drive diffusion.
